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Abstract 
Conventional luminophores such as perylene diimides, naphthalene diimides 
and porphyrins, despite possessing near unity quantum yield in dilute solution, 
undergo Aggregation Caused Quenching (ACQ), where aggregation results in 
quenching of luminescence of these molecules. In 2001, Tang and co-workers 
from HKUST University, Hong Kong, discovered a contrary phenomenon –so 
called Aggregation Induced Emission (AIE), in which molecules show weak 
emission or no emission in dilute solution, however become active in the 
aggregated state as well as in the solid state. This phenomenon revolutionised 
the use of luminescent materials in organic light emitting diodes (OLEDs), and 
chemo and biosensors, as these applications involve the use of luminescent 
materials in a thin film form (solid state) or in aqueous surroundings. Amongst 
AIE-active luminophores, tetraphenylethene (TPE) derivatives have attracted 
much attention due to their capability of self-organisation, possibility of 
incorporation into larger multicomponent assemblies with ACQ fluorophores. 
The TPE luminogen is a propeller-shaped AIE-active molecule, bearing four 
phenyl rings around the central C=C double bond, and is non-emissive in 
solution, mainly due to lack of restriction of intramolecular rotation (RIR), but 
is highly fluorescent in the solid and aggregated states. 
Chirality is prevalent in all life forms in nature. The scientific literature reveals 
few examples that demonstrate the formation of a twisted assembly either from 
homo-chiral molecules, or from a mixture of chiral and achiral molecules, 
where the molecular chirality is transferred to the handedness of the self-
assembled helical structure.  However, most of these molecules suffer from the 
problem of the ACQ effect and, and lack control of the handedness of chiral 
superstructures (i.e. chiral self-assemblies) lead to racemic mixture formation 
from achiral molecules.  
 
 
viii 
 
The formation of chiral helical supramolecular structures with the induction and 
control (non-racemic) of supramolecular chirality from achiral functional 
organic molecules is a worthy challenge, due to potential applications in 
sensing, as template agent and catalysis. Furthermore, the induction of chirality 
into supramolecular assembled structures through hierarchical self-assembly of 
achiral compounds, and the control of their handedness, is closely related to the 
evolution of life and the chiral amplification found in nature.  
In this thesis, we show that the combination of achiral TPE, an AIE-active 
luminophore bearing four alkyl chains with either an odd or even number of 
carbon atoms via an amide linkage in the molecular structure, allows the 
induction and control of supramolecular chirality into well-defined helical 
superstructures by controlling the solvent composition and polarity.  
Chapter-2 describes the synthesis and self-assembly of TPE based achiral 
molecule (i.e. alkyl-TPE in which alkyl (decyl) chain is linked to central TPE 
core through amide linkage) into right handed helical structures through 
solvophobic control. The twisted structure of the central core of TPE, along 
with the positioning of the peripheral carbon atoms in the alkyl chain away from 
carbonyl group, maximises the van der Waal interactions in the alkyl chains. 
This results in the assembly of this molecule into three dimensional helical 
ribbons, which to our knowledge is the first report of the self-assembly with 
selective handedness from an AIE active achiral molecule. 
These results further encouraged us to probe the effect of changing the number 
of carbon atoms of alkyl-TPE derivatives on the supramolecular behaviour. 
Thus, in chapter-3 three new analogues of alkyl-TPE were synthesised, bearing 
seven, eight and nine carbon atoms in their long alkyl chains. Self-assembly of 
alkyl-TPE bearing even number of carbon atoms (i.e. eight and ten) produced 
right handed helical structures whereas the alkyl-TPE derivative bearing an odd 
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number of carbon atoms (i.e. seven and nine), resulted in left handed helical 
superstructures. The chiral helical structures were visualised by scanning 
electron and transmission electron microscopy and the mode of aggregation 
determined by circular dichromism. Thus, two chapters 2 and 3 clearly 
demonstrate induction and controlled chiral helical structures from achiral AIE 
active TPE luminophores with solvophobic control.  
In chapter 4 the use of AIE an active TPE based molecule i.e. tetraamine-TPE 
(TA-TPE) for selective nitrite sensing is described. This molecule senses the 
nitrite ion in aqueous medium by a fluorescence turn-on mechanism. This 
method is environmentally friendly and offers the advantage of a low detection 
limit. 
To my knowledge, all results described here in thesis are first reports in the 
scientific literature and are totally novel.  
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Chapter 1 
Introduction 
 
Chapter-1 describes the literature survey based on AIE-active 
molecule and most of the work described in Nanoscience (volume-4,  
book chapter), Royal Society of Chemistry. 
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Chapter 1                                                 Introduction 
 
What is Supramolecular Chemistry? 
Supramolecular chemistry is often described as being “Chemistry beyond the 
molecules” in which different entities are held together by intermolecular bonds 
to form highly a organised complex molecule.
1  
The resultant supermolecule 
thus formed has properties different to the combination of properties of the 
individual molecules it was formed from.
2
  The supramolecular phenomenon 
may be as simple as the growth of crystal from a saturated solution, or 
formation of a highly functional protein structure from the association of amino 
acid chains.
2
 Traditional chemistry relies on the study of covalent bonds 
whereas supramolecular chemistry involves the study of reversible non-covalent 
interactions such as Hydrogen bonds, dipole-dipole interactions, van der Waal 
forces, and a range of specialised interactions between component compounds 
(such as pi-pi stacking etc.). Biological systems are often provide inspiration for 
supramolecular chemistry research, as many natural systems such as cell 
membrane structures to the chemistry of vision rely on these intermolecular 
forces for their structure and function. 
Historical background of Supramolecular chemistry 
Johannes Diderik Van der Waal in 1873 first described the presence of 
intermolecular forces between molecules. In 1894 Fisher suggested that enzyme 
substrate interactions are like a “lock and key”, which form the basis of our 
understanding of host-guest chemistry and molecular recognition. In the early 
twentieth century, Latimer and Rodebush described other non-covalent 
interactions such as Hydrogen bonds, which helped our comprehension of 
proteins and the DNA double helical structure.  
Eventually chemists began to understand the concepts of non-covalent 
interactions and started applying these concepts to synthetic systems. The 
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breakthrough finally happened in 1960 when Pederson synthesised crown 
ethers, followed by the work Cram and Lehn when they synthesised ion and 
shape size receptors. The field of supramolecular chemistry was finally 
recognized in 1980 when Cram, Lehn and Pederson received the Nobel prize for 
their work on host-guest chemistry.
1
 
1.1 Fundamentals of non-covalent interactions:   
The various non-covalent interactions which are important to supramolecular 
chemistry are described below (Figure 1): 
1.1.1 Ionic interactions 
Ionic interactions are the forces between the ions or molecules bearing full, 
permanent opposing charges. In an ionic bond, one atom loses the outer shell 
electron to form a cation which is gained by another atom to form an anion. As 
a result, the cation and anion thus formed are attracted due to their opposite 
charges. For example, there are ionic interactions between the ionic side chains 
in proteins (the carboxylate group of aspartic acid and the ammonium group of 
lysine) which affects is secondary and tertiary structure, and protein-protein 
interactions and protein substrate interactions are also thus affected.
2
  
1.1.2 Hydrogen bonding 
Hydrogen bonding is a type of dipole-dipole interaction where attraction occurs 
between the positive dipole of a hydrogen atom and an electronegative atom 
such as oxygen, nitrogen, fluorine etc. The energy required to break a hydrogen 
bond lies in the range of 0-4 kcal/mol, which is far less than a conventional 
covalent bond. Several hydrogen bonds present together will provide stability 
for molecular interactions. The presence of the Hydrogen bond in water 
molecule is the reason why it is liquid at room temperature rather than a gas. In 
biology, the Hydrogen bond is responsible for the double helical structure of 
DNA, and the secondary and tertiary structure of proteins. 
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 1.1.3 Van der Waal forces 
Van der Waal interactions are the weakest amongst the described non-covalent   
interactions. They are further subdivided into dipole-dipole, dipole-induced 
dipole and induced dipole-induced dipole interactions. 
Dipole-dipole interactions 
Dipole–dipole interactions are the electrostatic interaction between permanent 
dipoles present in molecules.  Permanent dipoles are formed in molecules by 
polarisation of electrons towards the more electronegative atom. For example, 
acetone has a permanent dipole created by the movement of pi-electrons 
towards oxygen, leading to a partial positive charge on the carbon atom and 
negative charge on the oxygen atom. 
Dipole-induced dipole interactions 
This is the forces that exists between the temporary dipole created in a non-
polar   molecule  by approach of a molecule with permanent dipole, thereby 
causing the electrons in non-polar molecule to shift towards or away from the 
dipole.  
Induced dipole-induced dipole interactions 
These types of force exist between all types of molecules. Induced dipoles are 
created by repulsion of electrons in a molecule by electrons of a neighbouring 
molecule, thereby creating temporary dipoles. 
1.1.4 π-π Interactions 
π-π Interactions are the non-covalent force of attraction occurring between 
aromatic molecules. The aromatic rings in such molecules are partially 
polarized. The C-H bond on the periphery acquires a partial positive charge and 
π electrons become partially negative charged.2 Thus there exists a force of 
attraction between the positively charged C-H bond of one molecule with the 
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negatively charged π- electrons the neighbouring molecule. The aromatic 
molecule can stack in three different ways i.e. edge to face, face to face and 
parallel displaced. These interactions are highly important in drug design, 
protein folding, RNA and DNA structure and in supramolecular chemistry.  
 
 Figure 1
2
: Various non-covalent interactions in synthetic systems. 
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1.1.5 Hydrophobic interactions 
 
The interactions between the hydrophobes (water fearing molecules that are 
non-polar in nature) that lead to their aggregation in aqueous media, excluding 
water molecules, are called as hydrophobic interactions. These interactions are 
responsible for the stability of protein structure, wherein the protein folds in 
such a way to bury the hydrophobic part inside, thus preventing its interactions 
with the surrounding aqueous medium. The hydrophilic side chains are exposed 
outside, to interact with water. So, these hydrophobic interactions along with the 
Hydrogen bonding provide stability to the protein structure. 
 
1.2 Self-assembly 
Self-assembly is a process in which component molecules arrange in a specific 
way through non covalent interactions to form aggregates of a specific shape 
without any outward forces being applied. Understanding various self-
assembled systems occurring in nature is important because scientists want to 
emulate the precision and specificity shown by biological systems to produce 
functional self-assembled systems. 
1.2.1 Self- assembly in nature 
Natural systems have a wide variety of functional nano-scale structures, a few 
of which are described below: 
DNA 
DNA contains a long polynucleotide chain where the nucleotides consist of five 
carbon sugars (i.e. deoxyribose) which is covalently linked to phosphate group 
and a purine or pyrimidine base (Figure 2). These nucleotides are linked 
together in a chain to form the backbone of a DNA strand. The three 
dimensional structure of DNA arises from the supramolecular interactions 
between the two DNA strands.
3 
The two strands have complementary base pairs 
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where hydrogen bonding exists between the purine and the pyrimidine bases. In 
the double helical structure of DNA, guanine (G) forms three hydrogen bonds 
with cytosine (C) and adenine (A) forms two hydrogen bonds with thymine (T). 
In order to maximise the base –pair packing, two backbones of nucleotides are 
wound around each other to form double helix, and with each turn having ten 
base pairs.  
 
Figure 2: a) complementary base pairing in DNA double helix b)Hydrogen 
bonding shown between purine (Guanine and adenine) and pyrimidine bases 
(thymine and cytosine)
4
.
 
  Proteins
 
The α-Helical and β-sheet structure of proteins is another example of 
supramolecular self-assembly occurring in nature. α-helix is a right handed coil 
formed by the polypeptide chain consisting of different amino acids (Figure 3). 
This structure is stabilized by the intramolecular hydrogen bonding between the 
oxygen of C=O group of the nth residue with the hydrogen of the N-H group of 
the n+4 residue.  
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Figure 3
5
: α-Helical structure of protein where Hydrogen bonding is shown by 
dotted lines. 
There are 3.6 amino acid residues in a complete turn of a helix. The R group of 
the amino acids always point outwards to avoid steric hindrance from the 
polypeptide backbone. In addition to Hydrogen bonds, van der Waal 
interactions also stabilize the core of the α-helix. 
In the β-sheet structure of protein, intermolecular Hydrogen bond exists 
between the two neighbouring chains. There are two types of β-sheet structure, 
parallel and anti-parallel (Figure 4). In the parallel arrangement, the C-terminus 
and N-terminus of two chains forming hydrogen bonding are on the same side, 
whereas in anti-parallel arrangement the C-terminus of one chain is on the same 
side of N-terminus of other chain. The parallel arrangement is less stable 
because the hydrogen bond between the two groups is formed at an angle, 
thereby making it weaker. However, in the anti-parallel arrangement, the 
Hydrogen bonds are aligned directly opposite to each other. 
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Figure 4
5
: a) Anti parallel arrangement in β-sheet b) parallel arrangement in 
β-sheet. Hydrogen bonds are shown by dotted lines. 
Tobacco Mosaic Virus (TMV) 
TMV is a rod shaped virus, 300nm in length and 18 nm in  diameter, consisting 
of a helical assembly of protein subunits with an embedded single strand of 
RNA (Figure 5).
6,7
 The protein subunit itself comprises of 2130 identical 
molecules, each consisting of 158 amino acids, and the RNA is made up of 
6390 base pairs. The protein subunits form a disk shaped self-assembly which 
forms a helical self-assembly by insertion around the loop of RNA.  The 
association of individual protein subunits into the disk shaped subassembly 
involves non covalent interactions. The protein disks are added into the  
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growing helical self-assembly at one or both ends of the helix, and this process 
is complete until the  TMV nanostructure is complete.
6
   
       
 
     
Figure 5
7
: Self-assembly of TMV. 
1.2.2 Self-assembly in synthetic systems 
Novel aggregate nanostructures derived from organic molecules with well-
defined morphologies have attracted attention among scientists because of 
potential applications in molecular electronics, light energy conversion and 
catalysis.
8,9 
1.2.2.1 Porphyrin based nanostructures 
Porphyrins have been extensively studied for producing aggregate 
nanostructures because of their unique electronic, optical, catalytic and 
biochemical properties.
10 
Well defined nanostructures can be formed from 
porphyrins by introducing different molecular recognition motifs that lead to H-
bonding, electrostatic interactions, or by designing porphyrins with metal ligand 
bonds with π-π interactions being already present.11   
Li et al. have described vesicles form via the self-assembly of the 
amphiphilic bisporphyrin-bispyridinium-palladium complex (1), as shown in 
Figure 6.
11 
This complex consists of two zinc porphyrins which are attached to 
the 4,4’-postion of the 2,2’-bipyridyl group which is complexed to 
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palladium(II)chloride. The amphiphilic molecule is U-shaped, and exhibits 
hydrophilic properties because of the palladium complexed to 2,2’-bipyridine, 
and hydrophobic properties due to the two porphyrin units under specific 
solvent environments.
12,13 
 
                                                                                         1 
Figure 6
11
: Structure of amphiphilic bisporphyrin-bispyridinium-palladium 
complex 1 used for self-assembly.
 
The aggregation behaviour of this complex was studied by SEM in 
CHCl3/ CH3OH of 1:1 ratio, which was drop casted onto silicon slides.  SEM 
shows the formation of spherical vesicles with a diameter of 200 nm. The 
amphiphilic molecule can self-assemble into loose bilayer and dense bilayer 
structures though π-π interactions, which then forms the vesicles (Figure 7). 
Holes were formed in the vesicles after heating at 70-80 
o
C for 0.5 hr. The 
thickness of the vesicle was measured to be 15-20 nm, which is approximately 
2-3 bilayers of (1) with molecular dimensions of 12-18 nm. The nanostructure 
formed by aggregation of 1 in chloroform/methanol (1:1) suggests J-type 
aggregation as there is red shift in the sorbet and Q absorption bands.  
 
 
12 
 
 
Figure 7
11
: a) SEM of vesicles formed from 1 in chloroform/methanol (1:1) at 
room temperature) SEM of vesicles after heating at 70
o
C c) TEM of hollow 
vesicle showing membrane thickness. d) Schematic diagram of vesicle formed 
from 1 .e) Close up of vesicle membrane showing proposed bilayer structure. f) 
Schematic representation of dense bilayer structure. 
Wang et al.
14
 have reported the formation of nanotubes by ionic self-
assembly of oppositely charged porphyrins. Various non-covalent interactions 
like electrostatic forces, hydrogen bonding, van der Waal forces and axial 
coordination are responsible for the formation of nanotubes. These nanotubes 
are hollow in nature and behave similarly to chromosomal rods.
14 
 The structure 
of two porphyrins i.e. [H4TPPS4]
2-
 and [SnTPyP]
2+
, which upon mixing in equal 
proportion in aqueous solution at pH 2, produced nanotubes as shown in figure 
8. The charge on tin in protonated complex can vary depending on the axial 
ligand present. 90% of the formed aggregates were nanotubes, but the 
remaining 10% were mainly rod-like, which were formed by the collapse of 
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nanotubes as confirmed by TEM. These nanotubes are 50-70 nm in diameter, 
with a wall thickness of 20nm and length in the micrometre range. 
 
                                     
   
 
Figure 8
14
: Porphyrin structures used for making nanotubes. At pH 2, X=OH
-
 
and X’=H2O (net cahrge +5) or X, X’=OH
-
 ( net charge +4). 
 
Absorption bands for these nanotubes appeared at 496 nm and 714 nm, which is 
red shifted compared to corresponding monomeric porphyrins, which indicates 
J-type aggregation. When aggregation studies of porphyrin with different 
pyridine substituents were carried out, different dimensions of were obtained. 
For instance, when Sn-tetra(3-pyridyl)porphyrin was used, nanotubes with 
smaller diameters (35 nm ) were obtained, whereas in the case of Sn tetra(2-
pyridyl)porphyrin,  no nanotubes were obtained. When the axial ligand of 
porphyrin tecton was changed from Sn
4+
 to Fe
3+
, Co
3+
, TiO
2+
, or VO
2+
 , 
collapsed tubes were obtained. These results demonstrate that a high degree of 
control over these nanostructures can be obtained by modifying the porphyrin 
tectons. 
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Figure 9
15
: TEM images of porphyrin nanotubes from a) Sn
IV
T(4-Py)P
4+
 and   
H4TPPS
2- 
b) and c) Sn
IV
T(3-Py)P
4+
 and H4TPPS
2-
.
 
 
Ozawa et al.
16
 have recently demosntarted the formation of nanoscrews 
from the self-assembly of a simple porphyrin derivative (2) (Figure 10). The 
self-assembly of the porphyrin derivative is driven by the π-π interaction of the 
central porphyrin core and van der Waals interactions from the peripheral alkyl 
chains. The Self-assembly behaviour of derivative 1 was studied in different 
solvents such as 2-propanol, methyl lactate, 2-(2-(2-
methoxyethoxy)ethoxy)ethanol and acetonitrile. Twisted structures were 
obtained from 2 in acetonitrile and methyl lactate. The self-assembly of 2 into 
twisted structures involved two stages. The first stage involves the formation of 
a core structure from the porphyrin derivative, while in the second stage further 
aggregation occurs to form dendrites. The obtained assemblies were racemic in 
nature. The presence of a chiral environment, such as methyl(R)-lactate or 
methyl(S)-lactate, didn’t affect the twisting direction of the assemblies i.e. the 
ratio of left and right handed assemblies remained nearly the same (52:48).             
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Figure 10
16
: SEM images of nanoscrews formed from the assembly of 2 in: a) 
acetonitrile b) methyl (R)-lactate. 
 
1.2.2.2 Perylene imide (PI) based nanostructures 
PI’s has shown to form various 1D nanostructures such as nanobelts, 
nanofibres, nanorods, nanotubes and helices through self-assembly. PI based 
nanostructures have been studied extensively due to the ease of their structural 
functionalization, light harvesting in the visible region and near unity 
fluorescence quantum yield in the molecular state, which make them ideal 
candidates for n-type organic optoelectronic materials.
17
 Some of the 
nanostructures formed from PI’s are described below:  
 
Nanobelts and nanorods: Perylene dimides can self-assemble through π-π 
interactions along the axis to produce various 1D-nanostructures. The self-
assembling behaviour of perylene dimide is affected by the nature of the 
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substituents at the imide positions. Boobalan et al.
18
 have reported the formation 
of nanobelts and nanorods from the self-assembly of two different symmetrical 
perylene dimides i.e. 1-butyl (B-PTCDI) and 4,4-diethoxybutyl (DB-PTCDI). 
B-PTCDI self-assembles through favourable π-π interactions in 
chloroform/methanol solution to form nanobelts. The average width of 
nanobelts is nearly 100 nm with a length of a few tens of micrometres (Figure 
11). In contrast to B-PTCDI, DB-PTCDI self-assembles into 1D-nanorods due 
to distorted π-π interactions, which result from the bulky side chain at the imide 
position. The average size of the nanorods is nearly 100 nm. 
 
Figure 11
18
: SEM image of a) nanobelts formed by B-PTCDI b) nanorods 
formed by DB-PTCDI.
 
Although these luminophores (porphyrins, PDI and NDI) have been 
shown to form remarkable supramolecular chiral assemblies from achiral 
structures, they suffer from complete quenching or weakening of fluorescence 
observed in the solid or aggregate state –so called Aggregation Caused 
Quenching (ACQ). At high concentration, luminophores tend to form aggregates 
in solution, resulting in the quenching of fluorescence. So far, the developed 
luminophores have been highly emissive in their dilute solution. 
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1.3 Aggregation Caused Quenching (ACQ) 
A range of luminogens have been studied by the solution-screening process, but 
have found high difficulty in gaining real-world applications because of the ACQ 
effect, both after self-assembly to form aggregates and in the solid state. The 
emission quenching of luminogens in their solid state is the main issue for the 
development of new luminescent materials for applications such as organic light 
emitting diodes, sensing etc. There are various processes have been attempted by 
researchers: chemical, physical and engineering, to overcome this detrimental ACQ 
phenomenon of common luminogens.
19-23
 Attempts utilised include attachment of 
bulky substituents, increasing hydrophilicity, or rigid central rings, but long chain 
polymers to overcome the ACQ effect have seen less development.
24
 Steric effects 
of bulky alicyclics can twist the conformations of the chromophoric units and 
hinder the charge transport in electroluminescence (EL) devices in luminophores -
conjugation.  
Another approach was to use polar substituents or groups such as carboxylic or 
sulphonic groups to help luminogens to become more soluble in water; however 
they show the formation of aggregates in aqueous media causing quenching of 
emission. To overcome the aggregation fluorophores were studied and their 
utilization undertaken in highly dilute solutions.
25-29  
The results obtained in dilute 
solution often gives reduced emission, which is unable to provide repeatability, and 
if concentration of the solution increased resulted aggregation occurs, which 
reduces the quantum yield typical for planar ACQ dyes.
30,31 
 
This phenomenon has been explained for various planar aromatic molecules, for 
example Tang first demonstrated this phenomenon using the N,N-dicyclohexyl-1,7-
dibromo-3,4,9,10-perylenetetracarboxylic diimide
 
(DDPD)
 
molecule, which shows 
a typical  ACQ effect. Usually DDPD is very well soluble in tetrahydrofuran 
(THF), and shows high emission in dilute solution, however as the fraction of water 
(fw) increases the fluorescence of DDPD decreases, and beyond fw = 60% water 
content the emission was completely quenched due to formation of larger 
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aggregates in polar solvent (Figure 12).
31
  DDPD has a planar disc-like perylene 
core and thus undergoes  stacking, which is detrimental to excimer formation in 
the excited state, and luminescence is therefore quenched upon aggregation.  
                        
 
Figure 12
31
: Fluorescence photographs of solutions/suspensions of DDPD (10 
M) in THF/water mixtures with increasing water fractions. 
Mechanism of ACQ: The mechanism behind this ACQ phenomenon has ben 
explained for conventional chromophores (pyrene, perylenes) which are planar in 
shape, as during aggregation the  stacking interaction between the aromatic 
cores of these chromophores led to the formation of disc-like superstructures as 
shown in Figure 13.
32
 These structures were found to be non-emitting due to the 
formation of excimer species in the excited state which cause molecule to quench 
its own fluorescence in aggregated and solid states.  
 
Figure 13
32
: Conventional fluorophores such as pyrene are strongly emissive in 
the solution state, however, the emission quenched in the aggregated and solid 
state due to the π–π stacking interaction. 
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All these approaches moderate the ACQ problem of many luminescent 
materials, however the they loss other important properties of materials remained 
an important issue. The minim isation of the photophysical ACQ phenomenon, and 
the understanding of the working mechanism behind this phenomenon has been the 
subject of intense research for many years.  
The creation of a new luminogen which will show enhancement in emission 
upon aggregation, instead of suffering ACQ, without sacrificing beneficial 
properties of luminogens is thus of great interest of researchers. Thus, the 
development of new solid state luminescent materials and the study of their self-
assembly is an inspiring task for the foreseeable future. It is essential to develop a 
system which will be non-emissive in the solution state and emissive upon 
aggregation for its use in the solid state. As such, luminescent materials with 
aggregation-induced emission (AIE) properties are of both scientific and 
technological interest, because the luminophores are commonly used in film or 
particulate forms such as films of organic light emitting diodes (OLED), and 
aggregates with a high contrast are importanteh  in chemo- and biosensors.
33,34 
 
1.4 Aggregation-Induced Emission (AIE)
 
The Tang group
35
 from HKUST University in 2001 discovered an unusual 
photophysical phenomenon which was totally the opposite to the detrimental ACQ 
effect –so called Aggregation-Induced Emission (AIE). This is also  associated with 
chromophore aggregation, however the AIE phenomena is completely the opposite 
to the common aggregation-caused quenching (ACQ) encountered when most 
conventional luminophores/fluorophores aggregate.
36 
 
To develop designing mechanoluminescent materials, tetraphenylethylene 
(TPE), hexaphenylsilole (HPS) and distyreneanthracene (DSA) are among the most 
AIE-active luminophores found in literature (Figure 14).  
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Figure 14: AIE-active luminophores: Hexaphenylsilole (HPS), 
Distyreneanthracene (DSA) and Tetraphenylethylene (TPE), respectively. 
The AIE mechanism becomes the main molecular excited state relaxation pathway 
when other means of relaxation are restricted, especially relaxation via 
intramolecular rotation (RIR).
37,38
 
 
Mechanism of Aggregation-Induced Emission (AIE) 
The molecules that exhibit AIE phenomenon can be an excellent candidates to 
overcome the detrimental ACQ phenomenon. However, the mechanism of AIE 
phenomenon is poorly understood. Initially, a significant number of theoretical 
studies were suggested to explain the AIE phenomenon, but it was very hard to 
establish a suitable mechnanism from the experimental results observed for AIE 
active molecules, as only limited AIE macromolecules exhibit the mechanisms 
listed in Figure 14. Nevertheless, three main mechanisms have been used to explain 
the behaviour of AIE-active luminophores: Restriction of Intramolecular Motions 
(RIM), Restriction of Intramolecular Rotations (RIR) and Restriction of 
Intramolecular Vibrations (RIV).  
 
Restriction of Intramolecular Rotations (RIR)  
After significant effort, the Tang group wash able to show that HPS is the perfect 
example of AIE to describe the RIR process. HPS is non-planar and propeller 
Si
HPS                    DSA                 TPE
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shaped molecule in which six phenyl rings are arranged around the central 
silacyclopentadiene stator as shown in Figure 15.
39
 In the dissolved state, phenyl 
rings rotate around the central stator via single bond axes in isolated molecules, 
giving less emission. It is understood that the energy is consumed when molecules 
undergo molecular movements such as vibrations or rotations. Because of the 
phenyl rotation, the photonic energy converts into heat, which relaxes back the 
excited state non-radiatively o ground state (GS), and the molecule becomes non-
luminescent in solution.  However, upon aggregation, the phenyl rings stop rotating 
in the aggregate state, because their intramolecular rotation gets blocked by steric 
interactions between neighbouring molecules, ths the completely opposite process 
happens in the aggregate state of AIE luminophores compared to dilute solution.  
           
 
Figure 15
39
: Hexaphenyl-silole (HPS) non-emissive in dissolved solution and 
highly emissive in aggregated states, due to the RIR of the phenyl rotors against 
the silole stator in the aggregate state. 
Restriction of Intramolecular Vibrations (RIV)  
Most of the AIE luminophores follow the restriction of intramolecular rotation 
(RIR) mechanism  as showin in Figure 15.
40
 TPE is a AIEgen which follows the 
mechanism of RIR, where phenyl rings are arranged around the central ethene 
core via single bond axes Figure 16a. They show dynamic intramolecular 
movement (i.e. rotations) which makes the molecule non–emissive in dilute 
solutions. However, this rotations gets hindered because of lack of space, 
resulting in the emission of the molecule upon aggregation via radiative 
channels. 
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There are some examples of AIEgens which do not follow the RIR mechanism 
but they are still AIE active, which is due to restriction of intramolecular 
vibrations (RIV mechanism) in solid and aggregated state. One example is 
10,10’,11,11’-tetrahydro-5,5’-bidibenzo[a,d][7]annulenylidene (THBA) 
luminogen
41
 shown in Figure 16b. The THBA luminogen is does not have any 
free phenyl rotors, however the phenyl rings are connected to each other by 
flexible seven-membered rings on both ends of central ethene fragment. THBA 
is a symmetrical molecule, however it has a non-planar shape and possesses 
anti-conformation. In the solution state it shows no emission due to the seven-
membered rings in the THBA undergoing rapid vibrations, allowing the excited 
state to decay or relax back to the ground state via a non-radiative pathway. 
Upon aggregation, the vibrational motion gets restricted, resulting in the 
opening of a radiative channel and hindrance of the radiationless pathway, 
which makes THBA highly fluorescent in the solid state.  
 
Figure 16
42
: (a) Propeller-shaped tetraphenylethylene (TPE) shows restriction 
of intramolecular rotation (RIR) in the aggregate state. (b) Shell-like THBA 
luminogen shows AIE activity due to the restriction of intramolecular vibration 
(RIV) of its bendable vibrators in the aggregate state. 
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Amongst all AIE active chromophores, TPE has attracted much attention due to 
its capability for self-assembly, and its capacity to be functionalised with ACQ 
fluorophores to generate AIE-active structures (Figure 15).
43-46
 Peripheral TPE 
functionalisation has produced a number of analogues where absorption and 
emission properties can be controlled, depending on the type of substituent in polar 
and non-polar solvents. Mono- , di- and tetra-substituted naphthalene diimide 
(Figure 17: structures 3-5) ACQ-active fluorophores bearing AIE active TPE on the 
core produced non-fluorescent or weakly fluorescent compounds in solution, while 
giving a high quantum yield for fluorescence in the aggregated and solid states, 
depending the on number of substituents in the solvophobic controlled 
assemblies.
43,44
 Similarly, substitution on the meso-position of a porphyrin with 
AIE active TPE luminogens (Figure 17: structures 6 & 7) led to a high quantum 
yield upon self-assembly in mixed solvents.
45,46
 This strategy offers an important 
opportunity to explore new AIE luminogens, which can be afforded through 
functionalization or decoration of TPE with ACQ fluorophores, converting the 
whole system into new AIE luminogens with a range of applications.  
 
Figure 17: Molecular structures of TPE units bearing NDIs (3-5) and 
porphyrins (6 & 7). 
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The AIE systems made up of only carbons and hydrogen and do not contain any 
metal or heteroatom, which undoubtedly bypasses the possibility J or H –aggregate 
formations TICT (Twisted Intramolecular charge transfer) process. 
 
1.5 AIE-active TPE luminogen 
 
The focus of this thesis is AIE active TPE luminogen, thus I have focussed this 
literature review on TPE and derivatives for self-assembly processes. In 2015, Sun 
et al. investigated for the first time the dynamics of AIE active dimethoxy-TPE in 
water solution using quantum mechanics and molecular mechanics simulations.
47 
The studies reveal that the aggregation depends on concentration, where low 
concentration aggregation leads to isolated block structures, and high concentration 
aggregates form with chain-type structures. Based on their molecular dynamics 
simulation, small molecular aggregates appear on the nanosecond time scale at low 
concentration, while the large aggregates with a chain-type structure appear at high 
concentration. In high concentration, RIR is largely restricted due to the formation 
of stacked self-assembly structures. 
 
This thesis is mostly focused on supramolecular self-assembly and sensing by using 
the AIE active TPE luminogen, thu, in following part is mostly focused on use of 
TPE in the above two applications and have been taken from my recent book 
chapter with acknowledging respected literature and co-authors permissions.  
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1.6 Self-assembly of ACQ chromophore bearing AIE active 
TPE luminogen 
 
Supramolecular self-assembly of photoactive molecules has generated much 
interest due to possible applications in organic electronics, photovoltaics, catalysis, 
mechanochromic luminescence and medicinal chemistry. These self-assemblies 
include 1D to 3D nanostructures that are generated from conventional dyes such as 
naphthalene diimides (NDIs), perylene diimides (PDIs) and porphyrins. Self-
assemblies form via intermolecular interaction forces such as π-π stacking, 
hydrogen bonding, van der Waals, electrostatic interactions and solvophobic 
interactions. However, these conventional dyes suffer from drawbacks due to 
ACQ,
48 
attractive dipole–dipole interactions and/or effective intermolecular -
stacking, thus inhibiting their applications as a solid or as self-induced aggregates. 
In contrast with NDIs, PDIs, and porphyrins, TPE and its derivatives are typical 
AIE-active luminophores, which undergo self-assembly in aqueous as well as organic 
solvents.  
The following sections illustrate examples of PDI, NDI and porphyrin moieties 
with AIE-active TPE luminophore substitutions onto the periphery to utilise the 
properties of these units in self-assembling behaviour, and optical and photo-
physical properties, along with changing their most important property in terms of 
this thesis from ACQ to AIE active. 
1.6.1 PDI-TPE 
PDI, an n-type organic semiconductor, has been extensively investigated for 
organic light harvesting systems,
49,50 
organic field transistors
51
 and biosensors
52
 due 
to its high optical and chemical stability. PDI-based dyes have high fluorescence 
quantum yields in solution. However, because of strong intermolecular π-π 
interactions, aggregated PDIs reveal a very weak emission due to ACQ. To 
overcome these issues PDIs were functionalised with AIE-active TPE luminogens 
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either through imide- or core-substitution, for example 8 and 9,
53 
10 and 11,
54 
12 
and 13,
55 
14,
56
and 15 and 16,
57
 as shown in Figure 18.  
 
 
Figure 18. A few examples illustrated the conjoint use of PDI (8-16) 
functionalised with TPE moieties. 
In this regard, Zhao et al.
53
 described the synthesis of 1,6-DTPEPDI (8) and 
1,7-DTPEPDI (9) isomers by chemical modification of the PDI core with two 
TPE units at the bay positions. An important point to note is that the full 
separation of isomers of 1,6- and 1,7-substituted PDIs is very challenging, 
however, two regioisomers 8 and 9 were easily separated by column 
chromatography by eluating with DCM/petroleum ether. This was explained by 
substitution at 8 and 9 with enhanced differences in molecular shape and 
symmetry. Both the derivatives were non-luminescent in good organic solvents 
such as THF, CHCl3, and DCM, however, 5a 30-fold higher fluorescence was 
observed when bad solvents such as hexane, methanol and water were added to 
good solvents (Figure 19Figure ). Interestingly, the F,solid = 6.3% of 9 in solid 
film is 90 times higher than that of dilute solution (F,solute = 0.07%). This 
clearly demonstrates transition of PDIs from ACQ to AIE behaviour.  
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Figure 19: (A) Fluorescence spectra of 1,7-DTPEPDI 9 in hexane/DCM 
mixtures with various hexane fractions (fh; ex = 452 nm). (B) Quantum yield of 
11 in hexane/DCM mixtures with various fh estimated using Rhodamine B as 
standard. Inset: fluorescence images (ex = 365 nm) of 9 (10
-5
 M) in 
hexane/DCM mixtures with fh values of 0 and 90%. Adapted with permission 
from ref. 53. Copyright 2012 Royal Society of Chemistry. 
 
Aldred et al.
54
found that the fluorescence quantum efficiency of PDI-TPE 
(10, 11) not only depends on aggregation but also on the morphology of such 
aggregates. In the amorphous state, PDI-TPE displays an emission at 744 nm, 
while gives a blue shift in emission to 665 nm in the crystalline state. This 
phenomenon leads to a piezofluorochromic behaviour in which emission 
properties can be tuned by grinding and thermal annealing. The crystalline 
microstructures allow the fabrication of microwire field-effect transistors 
(MFET) with the effective mobility (me) and capacitance (Ci) estimated to be 
3.11×10
-5
 cm
2
.V
-1
.s
-1 
and 1.51×10
-15
 F, respectively. In another report Zhao et 
al.
55
 revealed that the number of TPE substituents on PDI cores have a 
significant effect on AIE behaviour. Unlike pristine PDI (non-substituted) 
which shows a strong ACQ effect, mono- and di-TPE substituted PDI 
derivatives (12, 13) exhibited AIE behaviour. In dilute solutions, mono- and di-
TPE substituted PDIs displayed low fluorescence efficiency with a quantum 
(A) (B)
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yield (Φsolut) of 2.2% and 0.07%, respectively. However, the quantum efficiency 
reasonably increased to 9.0% for mono-TPE-PDI and 18.9% for di-TPE-PDI in 
aggregate forms. In a similar fashion, Xie et al.
56 
synthesised two novel terylene 
diimide (TDI) dyads bearing four TPE moieties, linked to the core with (14) or 
without oxygen, and exhibiting a strong AIE effect with very strong emission in 
the near-infrared (NIR) region around 800 nm. These novel AIE-active NIR 
emitters will be useful for future applications in NIR organic light emitting 
diodes (OLED) and in in vivo bio-imaging. Recently, Wang et al.
57
 synthesized 
TPE-N-PDI 15 and DTPE-N-PDI 16 by attaching one and two TPE moieties via 
imide-linkages. The solutions of both 15 and 16 are weakly emissive, while the 
solid films and aggregates exhibited distinct AIE activity, while PDIs with  
alkyl-, alkyloxy-, and phenyl substitutions with imide linkage show ACQ effect.  
These studies show the possibilities in tailoring and engineering the AIE and 
ACQ active molecules and using the properties these moieties have to offer to 
balance and alter classical luminogens and create highly efficient luminescent 
solid materials. 
Furthermore, Zhao and co-workers investigated the supramolecular assembly 
of 9 in various non-polar/polar solvent mixtures, obtaining a range of ordered 
and well-organized 1D nanostructures. For example, derivative 9 formed 
nanofibers from the mixtures of hexane/CH2Cl2, methanol/CH2Cl2 (Figure 
20A), water/THF (Figure ), methanol/THF (Figure 20C) and methanol/dioxane 
(Figure 20D). Wire- and rod-like structures were assembled by slow 
evaporation of solvent mixtures (Figure 20E and 20F). The self-assembly of 
both 15 and 16 can be manipulated using solvent mixtures i.e. DCM/hexane, 
both 15 and 16 assembled to form X-aggregates, while H-type assembly was 
observed with 15 in THF/water mixture due to thinner alkyl chain.
57
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Figure 20: SEM images of the morphologies of aggregates formed by 1,7-
DTPEPBI 9 (ca. 10
-5
 M): (A) methanol/DCM mixture (fm = 70%), (B) 
water/THF mixture (fw = 60%), (C) methanol/ THF mixture (fm = 90%), (D) 
methanol/dioxane mixture (fm = 80%), (E) fibrils formed by slow solvent 
evaporation from water/THF mixture (fw = 40%) solution, and (F) rod- and 
prism-like microstructures formed by slow solvent evaporation of 9 from THF 
solution. Adapted with permission from ref. 26. Copyright 2012 Royal Society of  
Chemistry. 
 
 
 
(A) (B)
(D)(C)
(F)(E)
1 µm
1 µm
1 µm
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1.6.2 NDI-TPE 
Naphthalene diimide (NDI) is a smaller analogue of PDI and TDIs, which has 
been extensively investigated as an active component for many promising 
applications including, but not limited to, organic light harvesting systems,
58
 
medicine
59
 and transistors.
60
 Although similar to PDI, NDI displays a near-unity 
fluorescence quantum yield in dilute solutions, however in aggregates or solid 
state it emits weakly due to ACQ behaviour. This ACQ effect is ascribed to 
intermolecular π-π stacking interaction. In order to enhance fluorescence 
performance in solid and aggregated states, i.e. convert NDI-based derivatives 
from ACQ to AIE active materials, mono-, di- and tetra- TPE substituted NDIs 
were designed where AIE-activity of the TPE luminophore moieties is used to 
modify the NDI electronic transitions in aggregated state. 
Our group reported the synthesis of two core-substituted NDI derivatives 
bearing one and two amino-TPE at the core, namely, 2-TPEcNDI 3 and 2,6-
DTPEcNDI 4 as shown in Figure 17.
43  
The fluorescence quantum efficiency of 
a cast film of 3 is 6.9%, which is higher than its solution in CHCl3 (Φsolut = 
1.9%) and THF (Φsolut = 0.9%). The diTPE substituted NDI 4 exhibited weak 
emissions with Φsolut = 0.09% in a dilute solution of CHCl3, however a strong 
emission in the near-IR region with a Φsolut = 18.3% in the solid state was 
observed for 4. The effect of solvents on 3 and 4 aggregation and fluorescence 
performance was evaluated using Φsolut in hexane/CHCl3, methanol/CHCl3, and 
water/THF solvent mixtures, which was 12.8%, 9.7% and 7.1%, respectively, 
for 3, while a higher Φsolut of 21.9%, 15.3%, and 19.1% was observed for 4 
(Figure 17).  
Furthermore, scanning electron microscopy (SEM) was used to study the 
effect of solvent on the self-assembly of 4 as shown in Figure 21Figure A–C, 
where various well-ordered microstructures such as fibres, needles and nano-
belts formed via solvophobic control. Most recently, we evaluated the effect of 
the number of TPE substitutions on the NDI core for the compounds’ optical 
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properties. Core-substituted NDIs with four amino-TPE luminophores 
TTPEcNDI 5
43
 showed a high AIE effect with Φf = 0.07% in pure CHCl3 
solution and Φf = 21.1% in solid state. The AIE effect was further studied in 
different solvent mixtures of hexane/CHCl3, methanol/CHCl3, and water/THF 
mixtures, with obtained the quantum yields of 29.9%, 24.7% and 16.8%, 
respectively. It is interesting that 5 self-assembled into different morphologies 
in various good/poor solvent systems i.e. hollow spheres in CHCl3/hexane 
(Figure 21D), crystallites and fibrils in CHCl3/methanol (Figure 21E), and leaf-
like microstructure in THF/water (Figure 21F). 
 
Figure 21: SEM images of self-assembly formed by 2,6-DTPEcNDI 20 in (A) 
chloroform/hexane (fh=90%) produces hollow spheres, (B) chloroform/ 
methanol (fm=70%) crystallites fibriles and (C) THF/water (fw = 40%) formed 
leaf-like aggregates. (D) TTPEcNDI 5 molecular self-assemblies in 
CHCl3/methanol mixture with fm = 70%, (E) in CHCl3/hexane (fh = 90%) and 
(F) in THF/water mixture with a water fraction (fw = 40%) at concentration of 
10
-5
 M. A-C are adapted with permission from ref. 43. Copyright 2014 Royal 
Society of Chemistry. And D-F are adapted with permission from ref. 44. 
Copyright 2016 Royal Society of Chemistry. 
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1.6.3 Porphyrin-TPE 
Porphyrins, which have a similar structure to chlorophylls – a compound that 
can convert light into chemical energy– are of interest in biology,61 solar cells,62 
tumor sensing,
63
 medical imaging
64
 and optoelectronic devices.
65 
However, 
porphyrins are ACQ active as aggregates, and TPE moieties can be used to 
decorate porphyrin rings to improve optical and photophysical properties, as 
well as fluorescence performance in the solid state. In 2015, we synthesized π-
conjugated porphyrin derivatives bearing TPE units 6 (TPE-Por) as shown in 
Figure 17.
45
 The resulting material displayed an emission band in the near-
infrared region of 700 nm with a high fluorescence efficiency of 15% when 
excited at 440 nm. It was shown that the self-assembly behaviour of 6 in polar 
and non-polar solvent mixtures is driven by J- and H-aggregates via π-π 
stacking interactions, and solvophobic interactions further play a significant role 
in defining the final morphology of aggregates as shown in Figure 22. 
 
 
Figure 22
45
: TEM images of 6 (10
−4
 M) from an equimolar mixture of (A) 
CHCl3/MeOH, (B) CH3CN/ MeOH, and (C) CH3CN/cyclohexane, respectively. 
Adapted with permission from ref. 45 Copyright 2015 American Chemical 
Society. 
 
In another report, Guo et al.
46
 have demonstrated the AIE-effect of TPE-
based porphyrin derivatives by investigating the fluorescence performance of 
(A) (C)(B)
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TPE-Por 7 in various THF/water mixture ratios. At low water ratios (fw ≤ 30%), 
the emission of 7 is significantly reduced due to an increase in solvent polarity 
and intermolecular charge transfer. Further increasing the water fraction in the 
solvent mixture (fw ≥ 40%) drove the self-assembly process and aggregate 
formation, resulting in a new peak at 725 nm, with increasing fluorescence 
efficiency transforming the porphyrin moiety to an AIE active electronic 
structure. 
 
1.7 TPE moieties bearing macromolecules 
 
Macromolecules can readily self-assemble into a variety of ordered and well-
defined geometries and form morphologies in the size range of nm to µm. 
Along with the outstanding AIE-effect of TPE and its derivatives, the self-
assembly of such molecules to form supramolecular well defined micro and 
nanostructures increases their application potential. For example, TPE-based 
macrocyclic compounds have attracted extensive interest due to their excellent 
properties in molecular recognition.  
In 2013, Song et al.
66
 synthesized a TPE-based macrocycle by joining two 
TPE moieties with triethylene glycol chains (17) and investigated its self-
assembly for the first time (Figure 23). AIE behaviour was confirmed when no 
emission was observed in the dilute THF solution while strong fluorescence was 
emitted in solid state with a quantum yield of 9.1, 10 and 15% in THF/H2O 
mixture of 70, 90 and 95% water, respectively. The group further reported a 
new amide macrocycle 18 based on TPE luminophore.
67
 The resultant 
macrocyclic 18 displayed a typical AIE effect where no light emission was 
observed in dilute DMF or THF solutions, whereas high blue fluorescence 
emission was observed in aggregate state in a mixture of H2O/DMF or 
H2O/THF. 
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Figure 23: Chemical structures of TPE-based macrocyclic compounds (left), 
Electron microscopy images of a suspension of 17 in water and THF with 
different water percentages: (A) in 70% water, (B) in 90% water, (C) in 95% 
water from 2.5×10
-3
 M solution. FE-SEM images of the suspension of 25 in (D) 
70%, and (E) 95% H2O–THF with water fractions, [17] = 1.0×10
-3
 M. (F) FE-
SEM image of 19 suspension from 0.1 mM solution in 90% H2O–THF. Inverted 
fluorescence microscope images of dry powder of 18 obtained by centrifugation 
of suspensions in H2O/THF with water of 70% (G), 95% (H). (I) Photograph of 
a suspension of 18 in H2O–THF with increasing water fraction under 
irradiation of a UV lamp at 365 nm. A-C is adapted with permission from ref. 
66. Copyright 2013 American Chemical Society and D-F are adapted with 
permission from ref. 67. Copyright 2014 Royal Society of Chemistry. 
 
It was also noted that the morphology of self-assembled microstructures 
changed as a function of water fraction. At 70% water fraction, nanorods were 
mainly obtained (Figure 23A). Further adding water to 90%, TPE macrocycle 
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assembled into solid nanospheres (Figure 23B). Interestingly, in 95% water 
fraction, the morphology transformed to hollow microsphere structures with a 
diameter of 1–8 µm with a shell width of 0.1–1 µm (Figure 23C). The TPE-
based amide macrocycle also demonstrated a facial assembly into a well-
organized microstructure with a range of morphologies in H2O/THF mixture 
with varying water fractions. In 70–80% water in THF mixture, 25 assembled 
into microtubes with a diameter ranging 0.3–3.0 µm, a wall thickness of 0.1–0.5 
µm and a length of 0.3–4 µm, formed by the self-rolling of nanoribbon 
precursors (inset in Figure 23D). However, with a water fraction higher than 
90% hollow microspheres were produced (Figure 23E). The microtubes 
produced by self-rolling of big nanoribbons emitted blue light while the hollow 
microspheres gave blue-green fluorescence due to conformation difference of 
the macrocycle 25 in the supramolecular structure (Figure 23G, H and I). 
In the same year Feng et al.
68 
synthesised the Schiff-base TPE macrocycle 
(26) using a condensation reaction of TPE dialdehyde and 1,2-benzenediamine 
which showed typical AIE-effects with strong red-light fluorescence in 
THF/H2O mixtures, while no emission was observed in pristine THF solution. 
The fluorescence intensity of the suspension increased with increasing water 
fraction where 19 pushed to self-assemble due to solvophobic effects. In the 
mixture of THF/H2O with the volume ratio of 1:9, macrocycle 19 self-
assembled into a nanofiber structure with the diameter of 100–200 nm (Figure 
23F). This form of aggregation showed a large Stoke shift up to 260 nm in 
emission, primarily due to the AIE effect. The group used 19 macrocycles for 
the detection of Cu(II) in real water samples as well as in pork juice-containing 
water by naked eye with a limit of detection of 10 M. 
Apart from AIE macrocyclic compounds, many macromolecules have been 
studied which not only exhibited outstanding AIE behaviour, but also self-
assembled into ordered and well-defined nano/microstructures. A series of such 
compounds (20-26) is shown in Figure 24.  
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Figure 24: Molecular structures of TPE-functionalized macromolecules (20–
26). 
Earlier our group designed and synthesised a rigid supramolecular star-
shaped luminogen 20 (HTCA) by anchoring six TPE units to the core of a 
cyclohexanehexone ring via N-atoms showing a typical AIE effect.
69
 The 
enhanced emission of luminogen 20 in aggregates was determined to be 218 
times higher than that of its dilute solution. The self-assembled morphologies of 
HTCA aggregates change with water fraction in the water/THF mixture. 
Typically, cross-like rod shapes with a diameter of 5-10 µm were formed in 
THF/H2O with water fraction of 50% (Figure 25A). However, when the water 
fraction was increased to 70%, HTCA was assembled into crossed-fibril 
microstructures (Figure 25B). Interestingly, intertwisted helical aggregates with 
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an average width between 0.5 and 2.0 µm and the length of several micrometers 
were obtained with a high water fraction of 90% (Figure 25C).  
A remarkable AIE active supramolecular structure with a fluorescence 
quantum yield of ~100% of TPE derivatives was reported by Wang and co-
workers.
70 
In their study, a mixture of E and Z isomers, triazolefunctionalized-
TPE derivative named 1,2-bis{4-[1-(6-phenoxyhexyl)-4-(1,2,3-
triazol)yl]phenyl}-1,2-diphenylethene (BPHTATPE) (21) was synthesized via 
click chemistry using Cu as a catalyst. The obtained E isomer of BPHTATPE 
assembled into ordered and well-organized 1D nanostructures of microfibers 
(Figure 25D) and nanorods in THF/water and hexane/CHCl3, respectively. The 
microfibers of 21 showed a waveguide effect, usually observed in optically 
anisotropic systems, in which we can see in the E isomer of 21 forming 
microcrystals to self-organize. The Z isomer, on the other hand, can hardly form 
any microcrystalline structures, due to its irregular conformation. The optical 
waveguiding effect offers the possibility of constructing advanced photonic 
devices using these microfibers as the building blocks (Figure 25E). 
In 2010, supramolecular structures formed from 3TPETPA 22 and 
4TPETPA 23 derivatives were fabricated by bearing three and four TPE 
moieties to triphenylamine (TPA) and N
4
,N
4
,N
4’
,N
4’
-tetraphenylbiphenyl-4,4’-
diamine (DTPA), respectively.
71
The obtained luminogen exhibited an excellent 
transformation from ACQ to AIE behaviour. The F,solut of 3TPETPA was 
0.42% in the dilute solution and F,solid = 91.6% in the solid state. A similar AIE 
effect was also observed for 23 with F,solut = 0.55% in solution and F,solid = 
100% in the solid state. 
Two luminogens designed with hydrophobic dodecyl 24 or hydrophilic 
di(ethylene oxide) 25 peripheral chains and an identical extended TPE aromatic 
core were later published in 2015 by Han group.
72
 In dilute chloroform solution, 
the luminogens were almost similar in photoluminescent (PL) spectra with weak 
fluorescence intensities. However, with the addition of methanol (70-80%) or 
 
 
38 
 
hexane (80%) to CHCl3 solution, a bright bluish colour was observed with high 
fluorescence intensity in the PL spectra. The aggregate morphology of 
luminogens in mixed methanol/CHCl3 solution indicated that aggregates were 
crystalline with a needle-like structure. However, aggregates in hexane/CHCl3 
mixture revealed rice seed-like microstructures (Figure 25F), with further 
increase of hexane fraction up to 90% no obvious morphology was observed 
(Figure 25G). 
 
Figure 25: SEM micrographs of HTCA (10
-5
 M) from water/THF at fractions of 
fw = 50% (A), fw = 70% (B) and fw = 90% (C), respectively. (D) SEM image of 
26 in CH2Cl2/hexane mixed solutions with 90% hexane content. (E) SEM of the 
self-organized structures of 21 formed in the THF/water mixtures of fw = 60% 
after standing for 1 week, and (F) Fluorescent image of the microfibers taken 
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under a fluorescence microscope with a 337 nm excitation. SEM images of (G) 
the aggregates of 25 at f(hexane) = 80%, and (H) the aggregates of 32 f(hexane) = 
90%. The inset images are the fluorescence images of 25 under UV illumination 
at 365 nm. A-C is adapted with permission from ref. 68. Copyright 2015 Royal 
Society of Chemistry, D&E are adapted with permission from ref. 69. Copyright 
2012 American Chemical Society,  F&G are adapted with permission from ref. 
71. Copyright 2015 Royal Society of Chemistry and H is adapted with 
permission from ref. 72. Copyright 2016 American Chemical Society. 
 
Yan and co-workers describe the synthesis of TPE-based di-Pt(II) acceptors 
26, which were used to construct 2D hexagonal metallacycles and 3D drumlike 
metallacages with three different counteranions via coordination-driven self-
assembly.
73 
The structure of these derivatives composed of alternating donor 
(TPE) and acceptor (di-Pt (II)) units with AIE behaviour. These metallacycle 
luminogen were weakly emissive in dilute solution and emitted strongly in solid 
form. In addition, strong AIE effect was observed using a higher fraction of 
hexane in CH2Cl2 (90%, v/v) with increasing solvophobic effects. At this 
solvent ratio, metallcycles assembled into uniform and well-defined 
nanospheres with average diameters ranging 150–250 nm (Figure 25H). The 
morphologies of aggregated nanostructures remained unchanged with further 
increase of hexane fraction due to the rigid nature of the molecular geometry. 
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1.8 Chiral assembly 
1.8.1 Introduction of chirality 
Chirality is one of the most attractive phenomenon in nature, leading to the 
specific handedness of biological structures, directing biochemistry to choose a 
specific homochirality in life processes as discussed earlier in Figure 2-4.
73-75
 
Nature is able to translate molecular chirality into a selective left- or right-
handed homochirality at various structural levels of bio-organisms, thereby 
creating helical and handed structures of nano- to macroscopic giant 
superstructures. Tobacco mosaic virus (TMV) is one of the best and well 
resolved biological examples with a single type of protein subunits arranged in 
regular helical array penetrated by a strand of RNA carrying the genetic 
information (Figure 5).
7,74
 Several researchers have explored designing 
bioinspired chiral chemical architectures to mimic biological systems’ function 
and geometry using molecular self-assembly based on non-covalent interactions 
or covalently bound superstructures.
75-81
 
Nevertheless, the design and synthesis of TPE-based organic molecules, 
which can both assemble into helical micro/nanostructures with selective 
handedness, and give AIE behaviour is of interest due to potential applications 
in sensors, liquid crystals, optical devices
82-84 
and as probe to study mainly 
chiral life processes. Supramolecular helicity can be simply induced by 
assembly of molecules containing chiral centres such as peptides, saccharides 
e.g. glucose, π-conjugated oligomers and bola-amphiphiles through 
intermolecular π-π stacking, solvophobic and other interactions. Chiral amino 
acids with strong supramolecular self-assembling capabilities, which can lead to 
well-defined assembled structures, are ideal components to induce chirality.  
1.8.2 TPE based chiral derivatives bearing amino acids 
In 2014, Li et al.
85 
reported a val-TPE 27 supramolecule by hybridizing valine 
(as a chiral block) with AIE-active TPE moiety using copper-catalyzed azide-
 
 
41 
 
alkyne “click” reaction (Figure 26). The optical properties and self-assembly 
were determined by both the AIE of TPE and amino acid moieties. In THF 
solution, val-TPE exhibited no signal of emission as well as very weak circular 
dichrosim (CD) signal. However, the fluorescence intensity increased 
significantly in THF/water mixture with strong CD signal. Figure 26C shows a 
bright blue luminescence image of 27 in its solid state. This phenomenon 
confirms that val-TPE is a highly AIE active compound and at the same time 
when molecules self-assemble, assumes a fixed position where chiral 
superstructure can be detected as is evidenced by a CD signal in fluorescence 
wavelength range. The self-assembly of val-TPE in 1,2-dicloroethane/hexane 
mixture was examined by SEM and TEM as shown in Figure 26A and 26B. It is 
clear that val-TPE assembled into a left-handed twisted nanofibers with an 
average width between 35-55 nm and a helical pitch of 190 nm. The formed 
helical structure is consistent with the positive signal from CD spectrum. 
 
Figure 26: Molecular structures (27-30) of TPE-based chiral center-containing 
molecules. Scanning electron microscopy (A) and transmission electron 
microscopy (B) of the aggregates of Val-TPE 27 formed upon the evaporation 
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of 1×10
-4
 M solution in DCE–hexane (1/9, v/v). (C) Fluorescent image of 27 
upon the evaporation of DMF solution on quartz substrates in the 
micropatterned channel under UV excitation. (D) SEM images of the 
aggregates of 28 formed in DCE–hexane (1/9, v/v) mixture and 10-4 M 
concentration. (E) SEM images of 29 formed by solvent evaporation of its 
solution of 1×10
−4
 M in DCE. (F) TEM images for the aggregates of 30 (m=5) 
in THF-water mixture (40/60) formed upon standing for 6 h. A-C are adapted 
with permission from ref. 85. Copyright 2014 Royal Society of Chemistry, D is 
adapted with permission from ref. 86. Copyright 2015 Royal Society of 
Chemistry, E is adapted with permission from ref. 87. Copyright 2016 the 
Nature PNG publisher and F adapted with permission from ref. 88. Copyright 
2012 Royal Society of Chemistry. 
 
Similarly, Li and co-workers synthesised L-leucine methyl ester coupled 
with TPE moiety to form a chiral AIE active TPE-Leu 28 derivative.
86
 In dilute 
THF solution, derivative 28 is non-emissive with absent CD behaviour. 
However, it showed intense blue emission and strong CD signals in an 
aggregated state, which clearly demonstrated that 28 is typical AIE-active and 
produces chiral self-assembly. In 1,2-dichloroethane/hexane mixture, the 
derivative assembled into left-handed helical nanofibers and nanoribbons with a 
broad width distribution of 15–350 nm as well as a wide range of helical pitch 
up to 920 nm as shown in Figure 26D. These nanofibers and nanoribbons 
exhibited circularly polarized luminescent (CPL) properties with large CPL-
emission dissymmetry factor of 0.02–0.07. 
In another example, Li et al. designed and synthesized a chiral TPE 
derivative with two valine-containing attachments (TPE-DVAL) 29 through the 
azide-alkyne click reaction.
87
 The two amino acid pedants were introduced to 
TPE scaffold to form a new chiral TPE derivative. TPE-DVAL 29 is non-
luminescent and CD silent in dilute DCM and DCE solutions, but displays a 
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typical AIE behavior and good CD signal, where it shows strong fluorescent 
and Cotton effect in DCM/hexane mixture and solid film formed on a quartz 
substrate, respectively. The self-assembly of 29 was investigated on 
microstructures deposited by solvent evaporation from pure DCE solution as 
shown in Figure 26E. TPE-DVAL 29 self-assembly produced uniformly right-
handed helical twisted nanofibers with an average width of 30–70 nm, and a 
helical pitch of 100–200 nm, and an average length up to several micrometres. 
These results suggested that the self-assembling behaviour and optical 
properties can be tuned by changing the number of amino acid attachments. 
Another twisted helical nanostructure can also be formed by self-
assembly of molecules in the absence of chiral centers. Yuan et al.
88
 designed 
and synthesized a TPE-based triazole compound 30 via Cu(I)-catalysed azide-
alkyne “click” reaction. This 30 luminogen showed strong AIE in aggregate 
suspension in THF/H2O mixture with an increase in emission of 5944 times in 
comparison to its dilute solution in pure THF. In THF/H2O solution with fw = 
60%, derivative assembled into well-defined right-handed helical nanofibers 
with an average width of ~100 nm and up to several micrometers in length 
(Figure 26F). The comparative study of flexible spacers indicates its crucial 
importance in the formation of such helical structures. The self-assembly and 
gelation of the 30 (m=10) occurs at much lower concentration in comparison to 
30 (m=5), an evidence that longer spacer length is favoured for aggregation and 
self-assembly process. Removing the alkyl chain from spacer resulted in much 
more rigid molecular structure and self-assembled to form crystalline particles 
or nanosheets. 
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1.8.3 TPE based chiral derivatives bearing peptide chains 
For induction of chirality in achiral molecules, peptides are the most used 
biological building blocks to modify TPE moieties to form AIE bioprobes such 
as TPE probes with peptide-linkage moieties facially bind to analyte upon 
presences in the environment. For instance, the salt-responsive Q11 peptides 
capped with TPE unit (31 & 32)and the incorporation of Q11 section in the 
peptide made conjugate aggregation, controllable gel formation, and provided 
mild gelation conditions which would be critical for tissue engineering and 
biosensing (Figure 27).
89
  They also found that the AIE active peptide 
conjugates are turned on only in the presence of salt where the monodisperse 
hydrogelators self-assemble into a hydrogel network with bright emission rather 
than temperature, pH, or solvents. The 3D networks of nanofibers were 
observed in hydrogel formation upon addition of salts as shown in Figure 28A. 
A range of TPE-capped dipeptides (TPE-GG) 33 were also prepared using a 
solid phase peptide synthesis varying the side moieties on the dipeptide 
section.
90
 These compounds self-assembled to form gels with nanosheets with 
an average width of approximately 300 nm. Hydrogel formation was observed 
by TEM and AFM imaging as shown in Figure 28G and H. The small size of 
peptide resulted in more rigid order molecular assembly in the hydrogel. 
Han et al.
91
 reported AIE light-up bioprobes which were constructed from 
a TPE moiety and GFFY self-assembling peptide, and linked to other peptides 
that can be the recognition elements of the bioprobe (34 & 35). Analogue 
structures were also synthesised without the GFFY moiety as the control probes 
(35 & 37) as shown in Figure 27. Thanks to the hydrophilicity of peptide 
sequences, peptides-TPE conjugates were nonluminescent in aqueous solution. 
However, in the presence of analytes (here, caspase-3), which were ascribed to 
cleave the hydrophilic moieties and accordingly induced aggregation in the 
TPE-GFFY segment, resulting in strong fluorescence. The morphologies of 
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aggregates were either filamentous network nanostructures or nanoparticles 
depended on types of peptide attachments (Figure 28C–F). 
 
 
Figure 27: Chemical Structures of peptides and TPE-peptide used to form 
molecular hydrogel (32 and 32). The chemical structures of TPE-GG, TPE-GF, 
TPE-FG, and TPE-FF (33), TPE-GFFYK(DVEDEE-Ac) (34), TPE-K(DVED-
Ac) (35), TPE-GFFYE-SS-EE (36), TPE-SS-EE (37), and TPE–MAX (38). 
 
(A) (C)(B) (D)
(E) (F) (G)
100 nm
(H)
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Figure 28: (A) TEM images of TPE-Q19 (39) gel at 0.5 wt % concentration. (B) 
TEM image of TPE–MAX (38) gel. TEM images of (C) TPE-GFFYK-
(DVEDEE-Ac) (34) and (D) TPE-K(DVED-Ac) (35) aggregates after treatment 
with caspase-3. TEM images of (E) TPEGFFYE-SS-EE (36) and (F) TPE-SS-
EE (37) after treatment with GSH. (G) Negative stained TEM image and (H) 
AFM measurement of hydrogels of 33 (R1=R2=H) at the concentration of 3 
wt%. A-C is adapted with permission from ref. 88. Copyright 2013 American 
Chemical Society, G&H is adapted with permission from ref. 89. Copyright 
2016 Royal Society of Chemistry, C-F are adapted with permission from ref. 90. 
Copyright 2016 American Chemical Society and B is adapted with permission 
from ref. 91. Copyright 2015 Royal Society of Chemistry. 
 
In 2015, Zhang et al.
92
 prepared a peptide-capped TPE luminogen (TPE-
MAX) 38 with highly sensitive response to pH through a solid phase peptide 
synthesis. In dilute aqueous solution with pH 6.0, TPE-MAX was non-emissive. 
When the pH increased from 8.0 to 10.0, the intensity of fluorescence 
significantly increased due to self-assembly, evidence of its AIE activity. Upon 
hydrogelation, a network architecture of nanofibers with a diameter of 
approximately 10 nm is formed (Figure 28B). 
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1.9 AIE active TPE based sensor  
In this topic I have listed a few examples to give an overview of TPE based 
sensors with their applications in pH, cation, heavy metals, and biomolecules. 
 
1.9.1 Biological applications of TPE-based luminogens 
When designing fluorogens for biological applications, usually imaging 
luminogens and probes to monitor a biological process or biological agents, a 
detailed understanding is required of the probe behaviour and the subject of 
interest. Although some luminogenic molecules can be used in their solubilised 
state where pH or a small ion is to be monitored, usually a luminescence signal 
is required when the probe is associated with a target analyte, either aggregated 
or in a self-assembly. The majority of probes fail the latter category due to 
troublesome ACQ effect, where molecules in aggregates undergo a short-range 
interaction that provides another pathway for the excited molecules relaxation, 
quenching  the fluorescent emission. TPE derivatives that exhibit AIE offer a 
way to engineer new bioprobe molecules. Taking advantage of this, various 
groups have used TPE derivatives for biological applications such as bioprobes, 
chemosensors, and cell imaging and cell labelling.  
Zhao et al.
93
 demonstrated selectivity towards mitochondrion in a living 
cell which requires positively charged lipophilic stains. This bioprobe was a 
TPE core conjugated to a pyridinium unit through vinyl functionality (TPE-Py) 
(39), giving a biocompatible yellow-emissive AIE dye. A standard cell-staining 
protocol was employed to image HeLa cells using TPE-Py 39, where nano-
aggregates were prepared in the essential medium-DMSO mixture. As a result, 
a distinct yellow emission was observed, which was ascribed to the interaction 
between 39 and mitochondria in the living cell (Figure 29A). In another report, 
TPE was used to decorate the ACQ porphyrin producing an AIE active bioprobe 
(PorTPE) (7) which was utilized in cellular imaging.
46
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Figure 29: (A) Fluorescent images of a HeLa cell incubated with TPE-Py (64) 
(5 mM) (yellow fluorescence), MitoTracker Red (100 nM) for 15 min at 37 °C 
(red fluorescence), and their merged picture. (B) Confocal images of fixed 
HeLa cells after incubation with 2 mM PorMe NPs or PorTPE NPs (65), and 
fluorescence intensity profiles of cell images are indicated by the white dashed 
line. (C) Fluorescence microscopic images of PC-3 cells treated with 5 mg mL
-1
 
of 66 for two hours at different pH conditions. At lower pH cells show 
fluorescence in the green channel while at pHs higher than 7 the cells show 
fluorescence in the blue channel, and no fluorescence was observed in the red 
channel. Control untreated cells did not show any fluorescence. In the left panel 
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bright field phase, contrast images are shown for the same field of view. A is 
adapted with permission from ref. 93. Copyright 2013 Royal Society of 
Chemistry, B is adapted with permission from ref. 46. Copyright 2016 Royal 
Society of Chemistry and C is adapted with permission from ref. 94. Copyright 
2014 Royal Society of Chemistry. 
 
The aggregates of PorTPE nanoparticles in HeLa cells show high 
brightness in red color, which is superior to the bio-imaging performance of the 
well-identified zinc tetramethylphenyl porphyrin dye (Figure 29B). Using a 
similar approach, our group has reported an efficient dye (40) for imaging 
human prostate cancer (PC-3) living cells.
94
 This bioprobe was made by 
substituting TPE with pyridyl groups giving the tetrapyridyl-substituted TPE 
(40). The fluorescent microscopy is shown in Figure 29C, which shows a bright 
blue emission peak between 450 and 490 nm under neutral and alkaline pH 
conditions, which undergoes a significant red shift in acidic conditions giving 
green emission in the range 520–560 nm. This bright image can be obtained at a 
low dye concentration of 5 µg/mL. 
 
1.9.2 Ion sensing 
 
In addition to the vast potential in molecular design and application of TPE 
derivative as bioprobes, its photo-physical properties and self-assembling 
tendencies  can also be utilized for sensing small ions.  
For example, a selective Cu (II) detector was developed using AIE active 
TPE macrocycle nanofibers 19 (Figure 30).
67 
In the absence of copper ions only 
a colour change from colourless to yellow colour was observed. This drastic 
alteration of color change, along with the UV–vis spectrum with the presence of 
copper ions can be even visualized at Cu (II) concentration as low as 1.0×10
-5 
M, which is able to determine if copper ions exceed a safe level in drinking 
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water, (2.0×10
-5
 M according to Environmental Protection Agency (EPA)). 
Interestingly, there was no obvious change in the UV–Vis spectra when other 
metal ions, such as Fe
2+
, Co
2+
, Ni
2+
, Zn
2+
, Cd
2+
, Hg
2+
, Mn
2+
, Ag
+
, Cr
3+
, Pb
2+
, 
Al
3+
, Ca
2+
, Mg
2+
, K
+
 and Na
+
, were added to the solution of 19, as shown in 
Figure 30. These results indicate that aggregated TPE macrocycle nanofibers 
are a great candidate for highly sensitive and selective detection of copper ions 
in drinking water. 
 
Figure 30: Photos of  TA-TPE in H2O - THF 2:1 under daylight (Top) and 
photos of 19 in H2O - THF 9:1 under 365 nm light after addition of the metal 
ion ([TA-TPE] = 1.0×10
-5
 M, [metal] = 2.0×10
-5
 M).  Adapted with permission 
from ref. 67. Copyright 2014 Royal Society of Chemistry. 
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1.10   Literature limitations and project aims 
Since the discovery of aggregation induced emission (AIE) phenomenon, the 
field has been growing, becoming one of the most highly researched topics in 
the world. The AIE phenomenon provides aunique solution for fluorescence 
quenching of luminescent materials in their aggregate and solid state, which 
would normally inhibit the use of these materials in real world applications such 
as solar cells, bioimaging, sensing, OLED, and OFET. Within the scope of this 
thesis, the literature review here presented the AIE active tetraphenylethylene 
(TPE) and derivatives with applications in supramolecular self-assembly and 
sensing applications.  However, the applications of AIE active TPE derivatives 
in some other fields still need to be studied in detail.  
So far, we have seen TPE core-based compounds that demonstrate the 
formation of twisted fibres from either homochiral molecules or amino 
acid/peptide coupled TPE derivatives, where the molecular chirality is 
transferred to the handedness of self-assembled helical structure.
 
However, the 
induction and controlled chirality (non-racemic) of the supramolecular assembly 
from achiral AIE-active TPE molecules are challenging. Given the RIR 
mechanism of TPE luminogens, it is clear that one may produce supramolecular 
helical structures with functionalization of TPE with aliphatic carbon chains via 
solvophobic control. Apart from the above mentioned problems, the 
literature has reported strategies that provide partial solutions to some of 
the important features that are essential for a supramolecular chiral self-
assembly. Here in this thesis, the applications of TPE luminogens have been 
described such as  
I. Induction of chirality in achiral TPE luminogen 
II. Odd-even effect on induction and controlled chiral assembly  
III. Use of TPE luminogen for sensing application 
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1.11 Aims of this PhD project 
Based on the literature survey and importance of AIE active TPE luminogens, 
this PhD project will aim to design and develop novel materials that will 
incorporate TPE with functionality, in order to study controlled assemblies and 
receptor/functional groups which can sense a particular anolyte.   
The main focus of this PhD work will be the design of novel materials in such a 
way that they fulfil most of the basic structural requirements, such as solubility, 
stability, and aggregation induced emission with high quantum yields. It is also 
important to mention that we will take account of design prerequisites that will 
help us to generate target derivatives for supramolecular chemistry. 
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1.12   Outline of PhD thesis chapters  
This thesis is written as a thesis by publication. The detailed description of 
published journal articles are as follows: 
Chapter 1 - Introduction and literature review  
Book chaper- Anuradha ., Duong Duc La, Akhil Gupta, Mohammad Al 
Kobasis, Sheshanath V. Bhosale
, 
 Supramolecular Chemistry of AIE-active 
Tetraphenylethylene Luminophore, Nanoscience volume-4, Royal Society of 
Chemistry, 2017. 
Chapter 2 - Consists of published paper by Nature Publishing Group (Scientific 
Reports) 
Anuradha, Duong Duc La, Mohammad Al Kobaisi, Akhil Gupta, and 
Sheshanath V. Bhosale, Right handed chiral superstructures from achiral 
molecules: self-assembly with a twist, Scientific Reports 2015, 5:15652 | DOI: 
10.1038/srep15652.  
 
Chapter 3 - Consists of published paper by Wiley-VCH 
Anuradha, Duong Duc La, Mohammad Al Kobaisi, Akhil Gupta, and 
Sheshanath V. Bhosale, Chiral assembly of AIE active achiral molecules: An 
odd effect in self-assembly. Chem. Eur. J. 2017, 23, 3950–3956. 
 
Chapter 4 - Consists of published paper by the Royal Society of Chemistry 
Anuradha, Kay Latham and Sheshanath V. Bhosale, Selective detection of 
nitrite ion by an AIE-active tetraphenylethene dye through a reduction step in 
aqueous media, RSC Adv., 2016, 6, 45009–45013. 
 
Chapter 5 - Conclusion and future work  
This chapter described overview of the thesis work and future directions.  
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Chapter 2 
This chapter-2 describes “Right handed chiral superstructures 
from achiral molecules: self-assembly with a twist”, from the 
published paper in Scientific Reports 2015, 5:15652 | DOI: 
10.1038/srep15652 
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Figure S1 | SEM micrographs of alkyl-TPE supramolecular self-assembly in (A) 
THF/MeOH, (B) THF/ACN, 
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Figure S2 | SEM micrographs of alkyl-TPE supramolecular self-assembly where 
thinner ribbons stacking to form thicker ones in THF/ACN (A), and (B) a selected 
enlarged area where this is clearly shown. 
 
Figure S3 | Visualisation of twisted superstructures by SEM analysis. SEM 
micrographs of alkyl-TPE supramolecular self-assembly in THF/ACN after solvent 
evaporation on silicon wafer surface. 
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Figure S4 | SEM micrographs of alkyl-TPE supramolecular self-assembly in (A, B) 
DMF/water, and in (C, D) THF/water.  
 
    
                              trans                                                                      cis 
Figure S5 | Schematics of alkyl-TPE amphiphilic molecule in two geometries cis and 
trans through internal and external H-bonding and the orientation of these H-bonds 
within the molecule. 
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Figure S6 | FTIR spectra of alkyl-TPE by preparing samples on silicon wafer from 
various solvent mixtures (a) THF (b) THF/ACN (1:8, v/v) and (c) THF/MeOH (1:8, 
v/v), respectively. 
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Figure S7 | SEM micrographs of oligo-TPE in 1/9, v/v THF/ACN (left) and 
THF/methanol (right), respectively. 
 
 
Figure S8 | SEM micrographs of alkyl-TPE (10-4 M) in THF/ACN (1:9, v/v). 
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Figure S9 | Enlarge SEM micrographs Extended Figure S8. 
 
Figure S10 | SEM micrographs of alkyl-TPE (10-4 M) in THF/methanol (1:9, v/v). 
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Figure S11 | Enlarge SEM micrographs of Extended Data Figure S10. 
     
   
Figure S12 | TEM micrographs of alkyl-TPE supramolecular self-assembly in (A and 
B) THF/ACN, and (C and D) THF/ACN. 
 
(A) (B) 
(C) (D) 
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Experimental procedures  
Material and methods 
 
Figure S12 | Synthesis of structures used for self-assembly studies. 
Step-1: Synthesis of 1, 1, 2, 2-tetrakis (4-nitrophenyl) ethene (1): To a stirred solution 
of tetraphenylethylene (2 g, 6.01 mmol) in DCM (60 mL) was added Conc. H2SO4 (4 mL) and 
fuming HNO3 (15 mL) and resultant reaction mixture was stirred at RT for 16 h. Reaction 
completion was checked by TLC analysis. After completion, reaction was quenched with 
water and extracted with CHCl3 (3 x 30 mL). The combined organic layer was dried over 
anhydrous MgSO4 and evaporated on rota vapour to complete dryness. Crude residue 
obtained was purified by flash column chromatography to afford 1 as a yellow solid (2.5 g, 
yield 81.2%). 1H NMR (300 MHz, CDCl3): δ 8.09 (d, J = 9 Hz, 8H), 7.19 (d, J = 9 Hz, 8H); 
13C 
NMR (75 MHZ, CDCl3): δ 147.4, 147.1, 141.6, 131.8, 123.9; MALDI-TOF, m/z: [M
+] calcd for 
C26H16N4O8: 512.10, found: 512.03. 
Step-2: Synthesis of 4,4’,4’,4’’’-(ethene-1, 1, 2, 2-tetrayl) tetraaniline (2): To a stirred 
solution of compound 1 (3.5 g, 6.83 mmol) in EtOH (600 mL) was added Pd/C (0.350 
g, cat.) and NH2NH2.H2O (60 mL) in drop wise manner. Resultant reaction mixture 
was refluxed under intense stirring for 24 h. Reaction progress was checked by TLC 
analysis. After completion, reaction mixture was allowed to cool to room 
temperature. Reaction mixture was filtered through celite bed. Celite bed was 
washed with excess of EtOH. Filtrate was evaporated to complete dryness to give 2 
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as yellow solid (2.1 g, yield 78.6%). 1H NMR (300 MHz, Acetone): δ 6.79–6.68 (m, 
8H), 6.44–6.34 (m, 23H), 4.43 (s, 23H);  13C NMR (75 MHZ, Acetone): δ 206.24, 
146.91, 138.39, 135.13, 133.07, 114.36, 30.64, 30.38, 30.13, 29.87, 29.61, 29.36, 
29.10; MALDI-TOF, (m/z): [M+] calcd for C26H24N4: 392.20, found: 392.20. 
 
Synthesis of N,N',N'',N'''-(ethene-1,1,2,2-tetrayltetrakis(benzene-4,1-
diyl))tetrakis(decanamide) 4: To a stirred solution of 3 (0.52  g, 3.05 mmol) in 
anhydrous DMF (10 mL) were added EDC.HCl (0.47 g, 3.05 mmol) and DMAP (0.37 
g, 3.05 mmol) and resultant was stirred at RT for 15 min. Then 2 (0.2 g, 0.51 mmol) 
was added stirring was continued at RT for 16 h under inert atmosphere. Progress of 
reaction was monitored by TLC analysis. After completion, reaction was quenched 
with water, precipitated solid was filtered through Buchner funnel and washed with 
methanol and dried under vacuum to afford 4 as greyish white solid (0.28 g, yield 55 
%). 1H NMR (300 MHz,CDCl3/MeOD [10/1, v/v]): δ 7.26 (d,  J = 8.5 Hz, 8H),  6.90 (d,  
J = 8.5 Hz,  8H), 2.27 (t,  J = 7.6 Hz,  8H), 1.62 (t,  J = 7.4 Hz,  8H), 1.27 (m, 56H),  
0.82 (t,  J = 6.4 Hz,  12H); 13CNMR (75 MHz, CDCl3/MeOD [10/1, v/v]): δ 172.8, 
139.2, 136.3, 131.4, 118.8, 36.8, 31.4, 29.0, 29, 28.9, 28.8, 25.4, 22.2, 13.5; MALDI-
TOF: [M+]  calcd for C66H96N4O4: 1008.74 (M)
+, found: 1008.82 (M)+, 1031.82 
(M+Na)+ and 1047.80 (M+K)+.  
 
Synthesis of N,N',N'',N'''-(ethene-1,1,2,2-tetrayltetrakis(benzene-4,1-diyl))tetrakis(2-
(2-(2-methoxyethoxy)ethoxy)acetamide 6: EDC.HCl (0.76 g, 4.88 mmol), DIPEA 
(1.77 mL, 8.79 mmol) and HOBt (0.75 g, 4.89 mmol) were added to a solution of 2 
(0.2 g, 0.509 mmol) and 5 (0.72, 4.04 mmol) in dry DMF (10 mL). The reaction 
mixture was stirred at RT for 16 h. Reaction progress was monitored by TLC. After 
completion, reaction was quenched with water and extracted with chloroform (3x50 
mL). Organic layer was separated and washed with sat. NaHCO3 followed by 2M 
HCl.  Dried over MgSO4 and evaporated under reduced pressure to give crude 
residue which was further purified by flash column chromatography to afford 6 as 
yellow solid (0.316 g, yield 60%). 1H NMR (300 MHz, CDCl3) δ 8.64 (s, 4H), 7.36 (d, 
J = 8.6 Hz, 8H), 6.98 (d, J = 8.6 Hz, 8H), 4.06 (s, 8H), 3.76–3.66 (m, 24H), 3.54–3.51 
(m, 8H), 3.29 (s, 12H);  13C NMR (75 MHz, CDCl3) δ (ppm): 168.0, 139.9, 139.6, 
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1135.8, 132.1, 119.2, 71.9, 71.2, 70.8, 70.5, 70.2, 59.0; MALDI-TOF: [M] + calcd for 
C54H72N4O16: 1032.494 (M)
+, found: 1032.567 (M)+, 1055.533 (M+Na)+ and 1071.514 
(M+K)+. 
 
 
1HNMR of 1,1,2,2-tetrakis(4-nitrophenyl) ethene (1) 
 
 
13CNMR 1,1,2,2-tetrakis(4-nitrophenyl) ethene (1) 
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MALDI-TOF 1,1,2,2-tetrakis(4-nitrophenyl) ethene (1) 
 
 
1HNMR of 4,4’,4’,4’’’-(ethene-1, 1, 2, 2-tetrayl) tetraaniline (2) 
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13CNMR of 4,4’,4’,4’’’-(ethene-1, 1, 2, 2-tetrayl) tetraaniline (2) 
 
 
 
 
 
MALDI-TOF of 4,4’,4’,4’’’-(ethene-1, 1, 2, 2-tetrayl) tetraaniline (2) 
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1HNMR N,N',N'',N'''-(ethene-1,1,2,2-tetrayltetrakis(benzene-4,1-
diyl))tetrakis(decanamide) 4 
 
 
 
 
 
 
13C NMR  N,N',N'',N'''-(ethene-1,1,2,2-tetrayltetrakis(benzene-4,1-
diyl))tetrakis(decanamide) 4 
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MALDI-TOF N,N',N'',N'''-(ethene-1,1,2,2-tetrayltetrakis(benzene-4,1-
diyl))tetrakis(decanamide) 4 
 
 
 
1HNMR N,N',N'',N'''-(ethene-1,1,2,2-tetrayltetrakis(benzene-4,1-diyl))tetrakis(2-(2-(2-
methoxyethoxy)ethoxy)acetamide 6 
 
 
 
 
89 
 
 
13CNMR N,N',N'',N'''-(ethene-1,1,2,2-tetrayltetrakis(benzene-4,1-diyl))tetrakis(2-(2-(2-
methoxyethoxy)ethoxy)acetamide 6 
 
MALDI-TOF N,N',N'',N'''-(ethene-1,1,2,2-tetrayltetrakis(benzene-4,1-diyl))tetrakis(2-
(2-(2-methoxyethoxy)ethoxy)acetamide 6. 
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Chapter 3 
This chapter-2 describes “Chiral Assembly of AIE-Active Achiral 
Molecules: An Odd Effect in Self-Assembly”, from the paper 
published in Chem. Eur. J. 2017, 23, 3950 – 3956. 
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Chapter 4 
 
This chapter-4 describes “Selective detection of nitrite ion by an 
AIE-active tetraphenylethene dye through a reduction step in 
aqueous media”, from the paper published in RSC Adv., 2016, 6, 
45009–45013. 
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Chapter 5 
 
Conclusion and  
Future work 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
121 
 
Chapter 5                                                Conclusion & Future work
 
This thesis has established that aggregation caused quenching is one of the 
biggest problems in fundamental applications of solution processable 
luminescent materials for sensing, materials science, and biological 
applications.
1,2
 The discovery by Tang to introduce a new phenomenon –so 
called aggregation induced emission, which is completely opposite to ACQ, has 
allowed the generation of aggregates and solid state materials that are not 
quenched when they are processed from solution to the solid state.
3
 Both 
phenomena, ACQ and AIE are associated with aggregation, where ACQ shows 
high florescence in dilute solution and quenching of fluorescence upon 
aggregation and solid states, whereas AIE enhances the fluorescence upon 
aggregation and solid state, with little or weak fluorescence in dissolved 
states.
4,5
  
This thesis mainly deals synthesis of Tetraphenylethylene (TPE) based 
derivatives, and their use for supramolecular self-assembly and ion sensing 
applications.  
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5.1    Summary of the research 
5.1.1   Induction of chirality in achiral TPE luminogen
6
 
Chapter 2:
 
This chapter was published in Scientific Reports 2015, 5:15652 | 
DOI: 10.1038/srep15652, entitled: Right handed chiral superstructures from 
achiral molecules: self-assembly with a twist 
 
A chiral supramolecular system can increase our understanding of some life 
processes, and may afford potential applications in areas such as sensors, liquid 
crystals, and optics. Nevertheless, the induction and control of chiral 
supramolecular assembly from achiral functional organic molecules presents a 
great challenge. In general, helical or twisted supramolecular objects have been 
generally induced by the self-assembly of small organic molecules already 
containing chiral groups. However, few examples have shown the use of  
homochiral, or a mixture of chiral and achiral molecules for the formation of 
helical nanosructures. There are also examples of the introduction of chiral 
molecular templates, where the molecular chirality is transferred to the 
handedness of the self-assembled helical structure.  
 
I the few examples described for the generation of helical nanostructures 
from achiral molecules, the -aromatic derivatives suffer from aggregation 
induced quenching (ACQ) effects, which is detrimental in the design of 
mechanochromic luminescent materials.  
 
Thus, the design and synthesis of achiral organic molecules which can 
assemble into helical or twisted supramolecular objects with selective 
handedness, along with aggregation induced fluorescence (AIE) in the absence 
of chiral substances, is an important step in understanding the role of chirality.  
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In this chapter, we described the design and synthesis of a two novel AIE active 
achiral TPE derivatives i.e. a TPE-core functionalized with alkyl chains via 
amide linkages at peripheries to study the chiral supramolecular twisted 
assembly based on hierarchically organized supramolecular microarchitecture 
from an achiral TPE derivative using solvophobic control. The synthesised 
derivatives bear three important features which favour arrangement with the 
directional growth of twisted superstructure: (i) interactions of aromatic 
TPE cores, (ii) long alkyl chains on the periphery of TPE-core, which are 
designed to optimize the dispersive and van der Waals interactions, and (iii) 
hydrogen-bonding via amide functional groups. The self-assembly was carried 
out in THF/MeOH and THF/acetonitrile mixtures, which resulted in the 
formation of ordered well-organized right-handed helical ribbons, 145 nm in 
width, 40 nm in thickness and tens of micrometers in length. The handedness of 
the twisted aggregates was confirmed by circular dichroism (CD) spectroscopy.  
 
Typically, the molecular chiral arrangement of achiral alkyl-TPE results 
in the formation of a cylindrical tubular microstructure with helical molecular 
arrangement, the walls of these cylindrical structures at a critical diameter 
collapse to improved morphological stability by maximizing hydrophobic 
interactions between the alkyl chains and assemble into right-handed twisted-
ribbon. Furthermore these ribbons can stack to form stable multilayered helical 
superstructures. The width of the ribbons and their stacking can vary as function 
of the dynamics and kinetics of the solvent evaporation/self-assembly process. 
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5.1.2   Odd-even effect on induction and controlled chiral assembly
7
  
Chapter 3: This chapter is from published work in Chem. Eur. J. 2017, 23, 
3950–3956| DOI: 10.1002/chem.201605458, entitle: Chiral assembly of AIE 
active achiral molecules: An odd effect in self-assembly 
From chapter 2,
6
 it is clear that the control and induction of supramolecular 
chirality from an achiral TPE possible, when TPE bearing four long alkyl chains 
via an amide linkage form well-defined, uniform, right-handed helical structures 
through solvophobic interactions. Supramolecular self-assembly with control of 
the three dimensional (3D) chirality is of significant importance in studying life 
processes and designing structures with selective handedness. This is especially  
important when the building block of the chiral self-assembly is a prochiral 
molecule. Supramolecular chiral self-assembly can occur in mirror domains, 
with the overall monolayer consisting of an equal number of left- and right-
handed molecules, therefore remaining globally achiral.  
On the molecular level, this handedness in the self-assembly behaviour can 
be assigned to a dynamic propeller conformation that derivatives of molecules 
such as TPE and triphenylamine (TPA) can take, with a preferential direction 
according the number of carbons in the substituted n-alkyl moieties. This 
preferential orientation further propagates into the self-assembly process via the 
alignment of the n-alkyl chains, where the induced chirality evidenced by CD 
signal can determine the direction of the twist in the self-assembled helical 
structure.
6
 This means that the position of the chiral centre governs the chirality 
of the aggregates and long alkyl-chains induces mode of aggregation with even 
number of carbons.  
In this chapter, we described the odd/even effect in the molecular assembly 
by functionalised AIE active TPE luminogens with  four alkyl chains, with 
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either an odd or even number of carbon atoms via an amide linkage. This 
molecular structure allows the induction and control of supramolecular chirality 
in well-defined helical superstructures by controlling the solvent composition 
and polarity. In particular, right-handed supramolecular structures were 
produced for an even number of carbon atoms in the alkyl chains, whereas an 
odd number led to the assembly of left handed superstructures. The twisted 
superstructure was visualised by SEM, and circular dichroism was used to 
observe chirality in the assembly. SEM images clearly show formation of chiral 
assemblies, and the structures due to aggregation include chiral tubes, twisted 
ribbons and helical ribbons. CD spectroscopy confirmed the formation of right-
handed and left-handed twisted chiral supramolecular structures for alkyl 
groups with even and odd numbers of methylene groups, respectively. These 
controlled assemblies of AIE active molecules are of potential practical value, 
such as templates for helical crystallisation, catalysis and formation of chiral 
mechanochromic luminescent superstructures. 
The perfectly controlled morphological features of the assembled structures of 
alkyl-TPE derivatives make them attractive for nano- and biomaterials research.  
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5.1.3   Use of TPE luminogen for Selective detection of nitrite ion
7
 
This chapter is from the published work RSC Adv., 2016, 6, 45009–45013 | 
DOI: 10.1039/c6ra06800f, entitle:  Selective detection of nitrite ion by an AIE-
active tetraphenylethene dye through a reduction step in aqueous media 
There are a few reports describing the sensing of various cations, by variation of 
the receptor attachement with the AIE active TPE luminogen. For example, Sun 
and colleagues in 2011 reported the use of a TPE fluorophore to detect Zn
2+
 
ion.
9
 Ozturk and Atilgan successfully fabricated the turn-on fluorescence 
sensing of Hg
2+ 
using derivative
 
of TPE.
10 
The obtained Hg
2+
 sensor showed a 
high selectivity with a sensitive detection limit of Hg
2+
 in aqueous media, down 
to 0.1 µM. Later, Ruan et al.
11
 also reported a new Hg
2+
 chemodosimeter by 
using TPE-S as a sensing material. Furthermore, practical test strips fabricated 
from compound 5 showed an apparent color change from transparent to purple, 
which was able to be observed visually by the naked-eye with a low detection 
limit of 0.1 µM. In another report, Neupane et al.
12
 synthesised a peptidyl 
chemosensor bearing a tetraphenylethylene fluorophore chemosensor for the 
detection of selective turn-on response to Hg
2+
 among 16 metal ions (Ca
2+
, Cd
2+
, 
Co
2+
, Pb
2+
, Cu
2+
, Ag
+
, Mg
2+
, Mn
2+
, Ni
2+
, Zn
2+
, Cr
3+
, Fe
3+
 as perchlorate anion 
and Na
+
, Al
3+
, K
+
, Hg
2+
 as chloride anion).  
Air and water pollution has become one of the major problems in urban 
areas, with the combustion of fossil fuels used in power plants, vehicles, and 
other incineration processes being the main source of pollutants.
13
 The main 
combustion-generated air contaminants are nitrite (NO2 
-
) ions, which are 
responsible for photochemical smog, acid rain, and ozone layer depletion, and 
are thus a great threat to human health.
14
 NO2
- 
ions upon interaction with 
proteins act as important precursors for the generation of highly carcinogenic N-
nitrosamines,
15
 and their excessive consumption can lead to a number of 
medical issues such as oesophageal cancer, spontaneous abortion, infant 
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methemoglobinemia, birth defects in the central nervous system, etc.
16
 The U.S. 
Environmental Protection Agency (EPA) has legislated a maximum 
contaminant level of nitrite to 1 ppm (21.7 M), and the World Health 
Organisation (WHO) has set 3 ppm as a guideline.
17
 The most common 
techniques used for the detection of nitric oxide include electrochemical, gas 
chromatographic, florescence, and colorimetric methods
18
 and also some 
chemical and optical, ion chromatographic, and electrochemical methods, 
including the commercially-available Griess reagent kit
19–22
. However, even 
though these methods offer certain benefits, they also have limitations, such as 
poor specificity and the use of expensive experimental apparatus, which restrict 
their application in practice and in the field. Thus, there is a need to develop 
simple and affordable sensor with high selectivity, and rapid detection to 
monitor drinking water quality and perform clinical diagnosis. In recent years 
the use of mechanoluminescent molecules, typically small organic molecules 
whose emissions are very weak in dilute solution, but become highly 
luminescent in the aggregated-and solid- demonstrate Aggregation-Induced 
Emission (AIE)), have stimulated significant research interest. In this chapter, 
we develop a simple and novel probe based on an amino-functionalised, AIE-
active TPE chromophore i.e. tetraamino-tetraphenylethene (TA-TPE), which 
acts as a sensitive probe for nitrite ions over other anions (CH3COO
-
, NO3
-
, 
CO3
2-
, S2O3
2-
, SO4
2-
, HSO3
-
, and Cl
-
), and signals the event through a visible 
colour change in aqueous media.  
 
Overall, this thesis provided the knowledge and further applications of TPE 
derivatives in a range of different fields. To my knowledge, the derivatives 
synthesised and shown here are the first examples in the literature with their 
possible applications.  
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5.2    Future work  
In summary, this thesis work presents the synthesis of novel TPE derivatives 
with AIE activity and an exploration of these derivatives formed via 
supramolecular self-assembly and also their use as a nitrite sensor.  
Future perspectives: The TPE derivatives are easy to synthesize and possesses 
pleasing AIE activity in the solid state. The AIE activity of TPE luminogens 
make them special with regards to emission enhancement in the solid and 
aggregate state as compared to dissolved state. Although the advantages of AIE 
in TPE derivatives have been employed them in many applications, there is still 
a need to consider using TPE derivatives for further applications, for example 
solar cells, sensing of bioactive molecules and as a template for chiral induction 
etc. Major challenges in the development of solar cells are the creation of 
devices with a higher cell efficiency and a low manufacturing cost.  
The TPE luminogens having phenyl rotors may allow molecules to be 
assembled in a controlled fashion, with which we can create a variety of 
nanostructures and use them for the various application stated above.  
In above study (chapter-2 and 3), it was clearly shown that due to side rotors 
with hydrophobic long alkyl chains, it was possible to tune achiral TPE 
molecules into helical chiral structures in a controlled fashion. The controlled 
helical supramolecular structures of the assembled alkyl-TPE derivatives make 
them attractive for nano- and biomaterials research. In future, one can use these 
controlled structures for chiral recognition and separation. 
 
The development of new TPE derivatives with propeller shapes may drive 
further understanding into the chiral helical structures, with induced chirality, 
and also use them as a template for various applications such as chiral 
templates, chiral catalysis etc.   
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Finally, AIE-active TPE luminogens may be used for sensing of various ions, as 
the phenyl rotors can be easily modified with various receptor site for respective 
ions. Easy to prepared TPE luminogens may be also used for next generation of 
solar cells.   
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